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Fiber reinforced composites are light materials which exhibits great strength and stiffness. They 
also have good dimensional stability and impact resistance. They reduce mass and improve 
structural performance, so the demand for fiber reinforced composite materials increases day by 
day in various industries such as aeronautical, automobile and military. The analysis, design, and 
optimization of polymer composite materials under static loading conditions are mature fields of 
study. Many sources are available to find material properties and predict structural response. 
However, composite materials are often used in extreme environments where they are subject to 
shock, impact, and blast loading. Efficient computational analysis methods are still needed and the 
effect of loading rate on material properties is not fully documented in the literature.
The overall objective of this study is to understand dynamic tensile properties of composite 
materials and to improve the experimental procedure for determination of these properties. A new 
testing procedure for measuring the tensile properties of laminated composites under low and 
moderate strain rates has been optimized.
After studying the known properties of several different materials, a total of four types of fiberglass 
composites were manufactured and tested for this study. They are S2-glass/epoxy, E-
glass/vinylester, S2-glass/vinylester and E-glass/epoxy materials. Testing of these materials 
allowed to do comparison between a high cost material system and a lower cost one and helped to
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quantify the differences between lower strength fibers (E-glass) and higher strength fibers (S2-
glass) under dynamic strain rate loading. 
 
Materials were tested at strain rates ranging from quasi-static to moderate strain rates that exist 
during a wide range of impact events.  Quasi-static tensile testing and the dynamic tensile testing 
of the fiberglass composite materials were conducted with a method based on ASTM testing 
standard D3039. Quasi-static tensile testing was completed with the MTS testing system with a 
0.0001 s-1 strain rate. Longitudinal, transverse and ±45º fiber orientations were tested to failure for 
each type of composite materials. Instantaneous force, strain data was recorded which was 
analyzed to obtain axial, transverse and shear material properties. Dynamic tensile testing was 
completed with the Instron Dynatup drop weight impact tower with a strain rate of 25 s-1. Samples 
were tested to determine appropriate properties in the longitudinal, transverse, and shear material 
directions. During each of the completed test, instantaneous force data was recorded. Upon 
completion of testing, the data was reduced to determine similar properties as were determined for 
the quasi-static testing. 
 
Quantitative comparisons were drawn between the material systems regarding their respective 
at different strain rate. Additional experimental data was obtained from a previous research where 
the exact same experimental setup was used. By combining the additional data, research was 
conducted to show the variation of strength in longitudinal, transverse and shear from-quasi static 




As a cornerstone of this thesis, a test fixture was developed to allow for testing at higher strain 
rate. Comprehensive study was completed on experimental variables that affect the test and 
limitation of our current design. Few changes to the current design were made to improve test 
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Fiber reinforced composites are strong, stiff and light materials, with good dimensional stability 
and impact resistance over a large range of temperatures. They reduce mass and improve structural 
performance, so the demand for fiber reinforced composite materials increases day by day in 
various industries such as aeronautical, automobile and military. The analysis, design, and 
optimization of polymer composite materials under static loading conditions are mature fields of 
study. Many sources are available to find material properties and predict structural response. 
However, composite materials are often used in extreme environments where they are subject to 
shock, impact, and blast loading. Efficient computational analysis methods are still needed and the 
effect of loading rate on material properties is not fully documented in the literature. 
 
McGregor, Vaziri and Xiao [1] have indicated that the automotive industries are frequently trying 
to decrease vehicle weight. The reduction in weight reduces the emissions of automobile. That is 
why composite materials with good performance and lower in weight are replacing many 
conventional materials in automobile components. A perfect example would be the side rail and 






1.2 Literature Review 
 
A literature review was completed to develop proper methods for static and dynamic testing and 
analysis of composite materials. It also helped to learn about recent research regarding static and 
dynamic test methods for the mechanical characterization of fiber-reinforced composite materials. 
Review of recent research related to fiber-reinforced composites is discussed below. 
 
In an investigation McGregor, Vaziri and Xiao [1] conducted finite element modeling of the 
progressive crushing of braided composite tubes under axial impact. The braided tubes used for 
testing and analysis were supplied by General Motors Corporation. The square two-ply and four-
ply tubes had lengths of 360 mm, outside dimensions of 55 mm and wall thicknesses of 2.3 and 
6.1 mm, respectively. They were made of Fortafil #556 80 k2 carbon axial tows and Grafil 34
700 12 k carbon biaxial tows in an Ashland Hetron 922 resin with each ply having a [0/±45] braid 
architecture. Dynamic testing of the tube was conducted using a drop tower with mass of 575 kg 
and the maximum height of 2.0 m.  
 
For finite element analysis they implemented a previously developed continuum damage 
mechanics based model (CODAM) in LS-DYNA to simulate the damage propagation and energy 
absorption in the dynamic axial crushing of braided composite tubes. The predicted damage 
propagation, force-displacement profile, and specific energy absorption trends agreed very well 
with the experiments. In the model they included the presence of the debris wedge and 
delamination capabilities between the plies. This resulted in major improvements over past 
attempts to model axial crushing of braided composite tubes.  
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From the study it was found that damage characteristics in the plies bending outward were very 
similar to the simulations. Damage due to bending, compaction and contact also progressed in the 
plies bending inward. Material damage in the un-initiated tubes accounted for around 80% of the 
total energy absorbed than in the initiated tubes with only approximately 20% absorbed through 
friction. In both cases, although delamination was significant and very important to accurately 
capture the crushing morphology, it played a very minor role in energy absorption.  
 
Silva, Spinelli, Filho, Neto, Chierice and Tarpani [2] investigated the fracture toughness of natural 
fibers/castor oil polyurethane composites. They used sisal and coconut short fibers and woven sisal 
fabric along with polyurethane matrix. The composites were manufactured by compression 
molding. A universal test system Instron-TTDM/L was used to conduct the fracture toughness test. 
The results of this research showed that, in general, the performance of coconut fiber composites 
is inferior to the sisal fiber ones and even to the neat polyurethane matrix, whereas the best 
performance was displayed by the sisal fabric composite. In general, the fracture toughness was 
not affected by the applied strain-rate. 
 
El-Shekeil, Sapuan, Abdan, Zainudin [3] investigated the influence of fiber content on the 
mechanical properties such as tensile, flexural, impact, hardness and abrasion resistance and 
thermal properties of Kenaf fiber (which is one of the allied fibers of jute and shows similar 
characteristics) reinforced thermoplastic polyurethane composites. The specimens were prepared 
by melt-mixing method followed by compression molding using different weight percentages such 




Tensile and three point bending flexural tests were conducted using Instron 3365 machine and 
notched impact strength was measured by 43-02-01 Monitor Impact Tester. Impact strength was 
calculated by dividing the recorded absorbed impact energy by the cross-section area of the 
samples. From the experiments they found that 30% fiber content exhibited the best tensile 
strength. Modulus increased and the strain decreased with increase of fiber content. It was observed 
that flexural strength and modulus increased with increase of fiber content. Increase of fiber 
content resulted in decline in impact strength. Hardness increased by addition of 30% fiber content. 
Abrasion resistance decreased with increase of fiber content. Fiber loading decreased thermal 
stability of the composite. 
 
Sutcliffe, Aceves, Stronge, Choudhry and Scott [4] studied the impact performance of 2D glass
carbon composites. Flat plates were fabricated using resin transfer molding. Then they were 
impacted using 12.5 and 44.5 g hemispherical-tipped projectiles at impact energies up to 50 J. 
Sectioning and X-ray images revealed significant amounts of matrix cracking leading to 
delamination and tow splitting, along with tow fiber breakage. It was found that there were 
significant dynamic effects in these tests, which involved impact speeds up to 83 m/s. The result 
indicated the importance of performing the impact experiments at speeds appropriate to service 
conditions and including plate response modes as well as the material local response in modeling 
the development of impact damage. Impact damage was found to significantly reduce the strength, 
giving up to a 26% reduction at the maximum impact energy of around 45 J. 
 
Thiruppukuzhi and Sun [5] conducted high strain rate tensile testing of a glass fiber composite. 
For the experimentation, two types of material laminates were selected. They were woven 
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fiberglass and another unidirectional material. Rectangle test specimens of size 150 mm by 17.8 
mm were cut for experiment. The tests were performed with a high-speed, servo-hydraulic testing 
machine with three strain rates. The strain rates were 0.0001, 0.01, and 1 s-1.  The results showed 
that the woven composite material experiences larger amounts of strain at failure. Also, the woven 
material specimens were observed to experience a defined necking before ultimate failure. The 
unidirectional material specimens were observed to fail along off angles parallel to fiber direction. 
the plastic deformation is affected. 
 
Marsavina and Sadowski [6] investigated the dynamic fracture toughness of polyurethane foam 
and the effect of impregnation on the fracture toughness. They used 200 kg/m3 closed cell of 
polyurethane rigid foam. The foam faces were impregnated with epoxy and polyester resins to 
increase durability of the foam used for lightweight boats. Two different kinds of resins were used 
to study the effects of impregnation. Instrumented impact tests were performed using notched 
specimens. The results of the experiment showed the dynamic fracture toughness for un-
impregnated specimen to be 0.202 MPa and 26% higher than the impregnated specimen.  
 
Tang, Yan, Chen, Zhang, Xu, and Feng [7] investigated dynamic damage and fracture mechanism 
of three-dimensional braided carbon fiber/epoxy resin composites. The effect of the process and 
test parameters on the mechanical properties were studied. Optical microscopy and field emission 
gun scanning electron microscopy were used to analyze the macro and micro fracture morphology. 
The fracture morphology of the three-dimensional braided carbon fiber/epoxy resin composites 
was varied under different loading rates. 
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Two types of specimens of braided fibers, glass and carbon were prepared with epoxy resin. The 
three-point bending test was conducted using an MTS-850 machine and loaded to failure in stroke 
mode at a rate of 1 mm/min static load. The explosive impact test was also performed. The results 
showed that the damage development in the case of the braided composites was primarily in the 
form of cracking at bundle interface. Failure mechanisms were mainly fiber debonding, 
delamination and cracking propagation in the resin matrix. The fracture surface of the fiber was 
concave or convex. The poor interface bonding in the glass-fiber braided composites made the 
crack propagation path and absorption energy increase during explosive impact. This was the key 
reason that the impact resistance of the glass-fiber braided composites is better than that of the 
carbon-fiber braided composites. 
 
Quek and Zhang [8] investigated the dynamic tensile response of engineered cementitious 
composite. This type of composite is reinforced with high modulus steel and low modulus 
polyethylene fibers. Rectangular test coupons were used for testing. A servo-hydraulic testing 
machine was used to test the specimens with strain rates ranging from 2 x 10-6 to 2 x 10-1 s-1. The 
results show a substantial increase in material strength with increasing strain rate. This gain is most 
likely due to the toughness of the polyethylene fibers. Also, no clear trends were observed between 
 
 
Shokrieh and Omidi [9] investigated the tension behavior of unidirectional glass/epoxy composites 
properties was studied. Test specimens were prepared from a 1 mm thick laminate of unidirectional 
composite materials. The specimens, which had fibers aligned along the long axis of the specimen, 
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were 82.7 mm long and 12.7 mm in width. Fiberglass end tabs were bonded to the ends of 
specimens. This was done to prevent specimen crushing by the testing machine. A high-speed, 
servo-hydraulic tensile testing machine was used to test the specimens with strain rates ranging 
from 0.001 to 100 s-1.  
 
From the results of the experiment it was evident that with increasing strain rate, the yield strength, 
elastic modulus, strain at failure and amount of energy absorbed increased by 52%, 12%, 10% and 
53% respectively. It was also found that at lower strain rates, the damage area was small but at 
higher strain rates, the damage area spanned the entire specimen gage length. This phenomenon 
was related to the increase amount of energy absorption.  
 
Hou and Ruiz [10] investigated the measurement of the properties of woven CFRP materials three 
different strain rates. Two types of woven laminate were made. The first one was aligned 0° and 
90° directions. The other was 9-ply of ±45° which were arranged alternatively to measure the in-
plane shear properties. Tests were conducted by Split Hopkinson pressure bar apparatus. Results 
showed that properties dominated by matrix, i.e. compression strength, Poisson's ratio and in-plane 
shear modulus and shear strength were strain rate dependent and properties dominated by the 
fibers, such as tensile modulus and strength in 0° and 90° directions were independent of rate.  
 
Groves, Sanchez, Lyon and Brown [11] investigated the high strain rate effects for composite 
materials. Specimens were prepared using fiber reinforced composite materials. While preparing 
the specimens the stacking sequence of the composite was [0°/±45°/90°]. High-speed hydraulic 
testing machine was used to generate tensile loads at strain rates of 0.001, 1.00, and 100.00 s -1. 
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The results showed that the material strength and modulus increased exponentially when testing 
rates greater than 10 s-1. The material was unable to flow as it normally would at such high strain 
rates and, subsequently, the strength and elastic modulus are affected. 
 
Rozman, Yeo, Tay, and Abubakar [12] investigated the mechanical and physical properties of 
polyurethane composites based on rice husk and polyethylene glycol. In this study, polyurethane 
composites were produced with rice husk and polyethylene glycol. The effect of weight percentage 
and size of the rice husk on the flexural, tensile and impact properties were investigated. The rice 
husk-Polyurethane composites were fabricated and then cut into 8 x 1.2 x 0.8 cm size specimens. 
Three-point bending test was conducted according to ASTM D790 using an Instron Model 5582. 
 
For most tests, the properties increased as the percentage of rice husk increased. However, it was 
evident that after exceeding a threshold value, the properties started to decrease. This phenomenon 
was attributed to two factors, percentage of RH (by weight) and amount of homogeneous 
polyurethane matrix. The size of the rice husk also played a significant role in the properties, where 
smaller size produced composites with higher strength. Dimethylformamide (DMF) immersion 
tests were conducted too and it proved that absorption and swelling decreased as the percentage of 
rice husk increased.  
 
Bledzki, Zhang and Chate [13] performed a study on natural fiber-reinforced polyurethane micro-
foams. In this study, the relationship between the resin-filled grade and the micro-void content and 
the density was described and the influence of the type of reinforcing fiber, fiber and micro-void 
content on the mechanical properties was studied. Polyurethane-based composites reinforced with 
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woven flax and jute fabrics were prepared with an evenly distributed micro-void foam structure. 
Flexural, torsion pendulum and dynamic impact tests were performed. From the test result it was 
found that the specific data were only slightly dependent on micro-void content. As the fiber 
content increased, it was found that the shear modulus and impact strength also increased. 
However, increment of the micro-void content in the matrix made the shear modulus and impact 
strength do down.  
 
Her and Liang [14] conducted finite element analysis of composite laminates and shell structures 
under low velocity impact. They used ANSYS/LS-DYNA to calculate the response of impact on 
composite laminates and cylindrical and spherical shells. In their paper a steel plate being impacted 
by a rigid wall and a carbon fiber/epoxy composite plate being impacted by a rigid ball were 
modeled and the results were compared to experimental expectations to verify the Finite Element 
predict composite failure in the FE model. Finite element models of curved laminated structures 
under impact loads were also created. These models used two types of special shell structures: 
cylindrical and spherical. The results of all the FE models were found to be in good agreement in 
experiments and literature. The authors observed that, during impact, the contact force is 
stiffness and curvature. 
 
Gu and Xu [15] investigated finite element calculation of 4-step 3-dimensional braided 
Twaron/epoxy composite under ballistic perforation. For the impact loading, a conically 
cylindrical steel projectile was used. The residual velocities of projectile striking composites were 
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measured and compared with that fr
3D textile composites was adopted to decompose the 3D braided composite at quasi-
microstructure level for the geometrical modeling in preprocessor of FEM. The material modeling 
was also based on this simplified model. They used LS-DYNA to simulate the impact interaction. 
The residual velocity of projectile perforating the entire 3D braided composite was calculated from 
the sum of kinetic energy loss of the projectile that obtained from FEM. From the simulation of 
ballistic penetration process and comparison between numerical results and experimental results, 
it proved that the analysis scheme of quasi-microstructure level in the study was valid and 
reasonable.  
 
Eason and Ochoa [16] conducted research to enable a designer to model a composite structure with 
shell elements and be able to capture a three-dimensional state of stress. In the paper it was stated 
that damage in a composite may occur earlier than what is predicted by FE models, because 
lamination theory does not account for transverse loads. The authors proposed that the shear-
deformable composite element with built in progressive damage capabilities available within 
ABAQUS may be used to predict a three-dimensional state of stress with a two-dimensional 
element. They showed success with this type of element through physical experimentation and 
numerical simulation of the Boeing-Compression-After-Impact test with two types of specimens. 
The specimens were a plate with a center hole and a plate with circular center delamination. It was 
predicted that composite delamination required a good representation of the three-dimensional 
state of stress. The results showed that the shear deformable composite element allows a designer 




Nguyen, Elder, Bayandor, Thomson and Scott [17] studied numerous explicit FE commercial 
software packages to determine their usefulness in modeling composite structures under impact. 
-DYNA, MSC Dytran, and Pam-Shock. To achieve this, FE models were 
created in each program of stiffened composite panels. Material models utilizing the Chang-Chang 
failure criteria were used to predict failure in the LS-DYNA and the MSC Dytran models and a bi-
phase model were used to predict failure in the Pam-Shock analysis. To save on computational 
time, two-dimensional explicit flat shell elements were used in all models. Unlike implicit, four-
node elements, this explicit type of element can wrap up to 20% without any effect on element 
accuracy. Concurrently, similar panels were physically manufactured and tested for comparison 
with the FE results. The force-time history and force peak results for all three software programs 
were reasonably close to the experimental results. However, the predicted contact durations were 
shorter for all three programs. Although, this is most likely due to less than ideal boundary 
conditions applied during the experiment. When the results of all three programs are compared, 
the most accurate results are achieved with the Chang-Chang material model and, hence, LS-
DYNA and MSC Dytran. 
 
Scott [18] used commercially available FE software to predict the buckling and post-buckling 
behavior of a stiffened composite panel. Specifically, unidirectional carbon fiber/epoxy panels 
with integral stiffeners were modeled in MSC/NASTRAN. The model was created with four-node 
shell elements. Material models used were based on orthotropic assumptions consistent with 
classical lamination theory. Compressive loads were applied to the panel edges and clamped edge 
boundary conditions were applied with multi-point constraints. The model was run with linear and 
12 
 
non-linear analytical techniques. Both techniques predicted up to the buckling point well. 
However, the linear technique was not able to predict the post buckling behavior. Also, the linear 
technique significantly underestimated the out of plane displacements. 
 
Kaneko, Donaghy, Ujihashi, Yomoda and Inagi [19] carried out analysis of fiber reinforced plastic 
vessels under impact load. The finite element analysis was applied to pressurized vessels with LS-
DYNA. The vessels were cylindrical in shape with stainless steel hemispherical end caps. The 
center cylindrical section of the vessels was filament wound with outer layers of glass fiber 
reinforced plastic and inner layers of carbon fiber reinforced plastic. Thick-shell elements were 
used to model the composite and the material was defined with LS-DYNA user-subroutines. 
Loading in the analysis took place in two parts. First, the vessel was pressurized to equilibrium. 
Then, a rigid bar was modeled impacting the pressurized vessel. Two impact speeds were 
investigated: 3.14 m/s and 10.0 m/s. The results show two failure modes, burst and penetration. 
Burst failures only occurred for the highest internal pressures and penetration failure occurred for 
all other condition. Also, failure only occurred with the 3.14 m/s impact when the highest internal 
pressures were simulated, and failure occurred for all internal pressures when the 10.0 m/s impact 
was simulated. These finite element results were observed to agree with trends confirmed by 
published reference. 
 
Gieleta and Kruszka [20] studied dynamic testing of woven reinforced glass fiber/epoxy composite 
at elevated temperatures. Experiment was conducted to predict the deformation and strength of the 
tubular specimens under axial tensile loading. Tests were performed at strain rate ranging from 
.0001 s-1 to 20 s-1 at room and three elevated temperatures. The highest temperature was at the 
phase transformation of the matrix. 
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Swaminathan and Shivakumar [21] studied mechanical performance of composites for marine 
structures. Glass and carbon fibers with woven roving and stitch bonded fabric architectures were 
made into composites using vinylester resin. Composite panels were fabricated by vacuum assisted 
resin transfer molding. Specimens were machined, and mechanical tests were conducted as per the 
accepted test standards. Tension, compression, in-plane shear and inter-laminar shear properties 
were measured, and their associated failure modes were compared with each other. The specific 
properties of the composites were compared with that of steel. 
 
Dynamic tensile properties of aramid and polyethylene fiber composites were inspected for 
ballistic design by Benloulo, Rodriguez, Martinez and Galvez [22]. In the study, dog-bone 
specimens were tested at Quasi-static, intermediate and dynamic strain rate. Testing under 0.001  
to 1 s-1 strain rates were completed with a servo-hydraulic testing machine. Dynamic testing at 
1000 s-1 strain rate was conducted with a split Hopkinson bar configuration. The stress and strain 
of the specimens were determined from the elastic strain in the Hopkinson bars. The results of the 
-strain relationship is affected by strain rate, there is an 
increase in tensile strength and a decrease in failure strain. 
 
Galvez, Gonzalez, Poza and Llorca [23] conducted high strain rate tensile testing of ceramic fiber 
composites. Flat, dog-bone shaped specimens were used throughout the testing. In all specimens, 
the ceramic fibers were aligned parallel to the loading direction. A servo-hydraulic testing machine 
was used for lower strain rate tests (2·10-5 to 2·10-3 s-1) and a split Hopkinson bar arrangement was 




Cui, Wang, Wang, Li, Wang and Jiang [24] studied the effects of strain rates on the mechanical 
properties and failure mechanisms of long glass fiber reinforced polypropylene composites. 
Experiment was performed under strain rate 0.001 s-1 to 400 s-1. The static test was performed by 
using a Zwick/Roell Z010 universal materials testing machine and dynamic tensile tests were 
performed on a Zwick/Roell HTM5020 high-speed testing system. The experimental data showed 
sensitivity to the strain rates. As the strain rates increased from 0.001 s 1 to 400 s 1, the ultimate 
strength improved almost two times (from 75.4 MPa to 146.7 MPa) and the total elongation also 
increased nearly twice (from 2.8% to 4.6%). The elastic modulus fluctuated at 6.3 GPa, ranging 
from 5.2 GPa to 7.3 GPa, which remained essentially constant with ascending the strain. The strain 
near the fracture crack was larger than the average strain of the whole selected calculation area due 
to strain localization. The deformation mainly concentrated near the fracture crack or the location 
of possible failure, whereas the strain far from the fracture crack or location of possible failure 
hardly changed. 
 
Khan, Taylor, Townsend and Grabovac [25] measured the effect of strain rate on the strength of 
glass-fiber reinforced composites. Tests were performed at quasi-static (0.005 s-1), intermediate 
(10s-1) and high strain rates (1000s-1 and more). For 0.005 s-1 and 10 s-1 strain rate a servo hydraulic 
test machine was used. For high strain rate Split Hopkinson bar was used. The strain rate in the 
normal direction resulted strength increase by 20% between strain rates of 0.1s -1 and 11.0s-1 but 
there was a 20% decrease at high strain rates.  
 
Xia wand Wang [26] developed an experimental method to investigate the tensile behavior of 
materials at high strain rates. The configuration was a bar-bar impact apparatus that consists of a 
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split Hopkinson bar that is driven with a rotating disk. The arrangement included a rotating disk 
loading system with impact hammers, an impact block, a pre-fixed metal bar, an input bar, an 
output bar, and a test specimen.  
 
Huang, Nie and Xia [27] determined the strain rate and temperature effects on the tensile properties 
of glass fiber/epoxy composite. Bar-bar impact apparatus was used for experiment. Tests were 
Conducted at 300, 600, 1100 s-1 strain rate and -20, 20, 60, 100°C temperature. Experimental result 
showed that modulus and the material strength decrease with increasing test temperature and at a 
fixed same temperature, the modulus and material strength increase with increasing strain rate. 
 
Gama, Gillespie, Mahfuz, Raines, Haque, Jeelania, Bogetti and Fink [28] tested thick-section 
composites made from plain-weave S-2 glass fabric and vinyl ester resin at strain-rates ranging 
from 200 to 1600 s 1 using a compression split Hopkinson pressure bar. The effect of strain-rate 
on strength and strains to failure was analyzed. The leading failure modes of the material was 
studied via optical and scanning electron microscope. The result of the experiment showed that the 
dynamic strength and failure strain is higher than the corresponding quasi-static values.  
 
Tao, Haosen, Yao, Lei, Pei and Fang [29] conducted theoretical and experimental studies on inter-
fiber failure of unidirectional polymer-matrix composites under different strain rates. Samples 
were tested quasi-static, 383 and 646 s-1 strain rates. Dynamic test was conducted by Split 
Hopkinson Pressure bar. Analysis was completed based on three different failure modes, with each 
represented by a new and simple formula. Comparison showed that the predicted failure envelopes 
and fracture angles had good similarity. 
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Wang, Ma, Yang, Jiang and Wu [30] investigated strain rate effect on the tensile behaviors of a 
high specific strength steel. The test was conducted at strain rates ranging from 0.0006 s -1 to 56 s-
1. From the experiment it was observed that the yield strength, ultimate strength and tensile 
toughness increased with increasing strain rates. This is a good indication that this material is an 
excellent candidate for energy absorber. The uniform elongation and the strain hardening exponent 
did decrease slightly with increasing strain rate for the test samples. 
 
Kammerer and Neme [31] tested E-glass/polyester composite under tensile loading at high strain 
rates up to 200 s-1. In this study hourglass shaped specimens were tested to failure with a split 
Hopkinson bar apparatus. No measurement of strength was obtained for multiple specimens as 
failure occurred outside gage length. Nevertheless, it was observed that at high strain rates the 
visco-elastic characteristics becomes irrelevant and only the stiffness loss is important. 
 
Li and Lambros [32] studied the dynamic behavior of a carbon fiber/epoxy composite material 
under tensile loading condition up to strain rate of 1500 s-1. Round, dog-bone shaped specimens 
were carefully ground from thick unidirectional laminates of material. Split Hopkinson pressure 
bar was used for testing. The authors observed four stages in the stress-strain relationship. At first 
there was elastic deformation and then there was a second linear portion with a lower slope. This 
is due to matrix cracking and de-bonding between the fibers and the matrix. After that there was 
third linear portion with a greater slope because of the de-bonding between the matrix and the fiber 




Daniel, LaBedz and Liber [33] developed testing method to characterize unidirectional 
graphite/epoxy composite materials at strain rates from 100 to 500 s 1 utilizing a thin ring 
specimen. This specimen was loaded by an internal pressure pulse applied explosively through a 
liquid. Pressure was measured by a calibrated steel ring instrumented with strain gages. 0°, 90° 
and 10°-deg off-axis samples were tested at strain rates up to 690 s 1. From the study it was found 
that the 0° properties did not vary much from the static ones with only small increases in modulus, 
but the 90° properties show increment in modulus and strength values. 
 
Joseph, Schaefer1, Brian, Werner, Isaac and Daniel [34] analyzed fiber-reinforced polymer matrix 
composite from 0.001 to 103 s-1 strain rate using available experimental data from literature. From 
the study it was found that the strain rate dependent parameter, m, relate to strain-rate dependent 
lamina behavior linearly to the logarithm of strain rate. The parameter was characterized for a class 
of laminates comprised of epoxy-based matrices and either carbon or glass fibers and determined 
to be approximately 0.055 regardless of fiber type.  
 
Gilat, Goldberg and Roberts [35] studied sensitivity of IM-7/977-2 carbon fiber/epoxy composite 
material at 0.0001, 1 and 400 s-1 strain rates. Split Hopkinson bar system was used for high strain 
rate testing. The results show that the material properties were affected by strain rate. 10° laminates 
showed less strain rate sensitivity that 90° and 45° laminates which indicates most of the strain 
rate sensitivity was introduced by the resin.   
 
Okoli and Smith [36] examined the effect of dynamic strain rates on a glass/epoxy composite. The 
tests were conducted with rectangular specimens with 18 composite layers. Quasi-static and 
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dynamic test were completed with testing rates ranging from 1.7 to 2000 mm/s. It was observed 
from the results that the elastic modulus and tensile strength increase with increasing strain rate. 
 
 
Pardo, Baptiste, Decobert, Fitoussi and Joannic [37-38] studied the effects of strain rate on a 
unidirectional, E-glass/polyester composite materials. A servo-hydraulic tensile testing machine 
was used with strain rates ranging from 10-4 to 100 s-1. The results from the two studies show that 
the elastic modulus of the material is not affected much by strain rate. However, the material 
strength was observed to increase with elevated strain rate.  
 
Taniguchi, Nishiwaki, Hirayama, Nishida and Kawada [39] studied dynamic tensile properties of 
carbon fiber/thermoplastic composites loaded in matrix-dominant directions using split Hopkinson 
bar technique. No linear relationship between tensile strength and strain rate was seen for 10°, 30° 
and 45° specimens. Ductile fracture of the matrix could only be observed only when 10° off-axis 
specimen was tested under dynamic loading condition. It was obvious that the softening of the 
thermoplastic epoxy resin in the vicinity of interface area took place with increasing strain rate. 
 
Harding and Welsh [40] studied tensile testing technique for carbon/epoxy composite at impact 
rates using a modified split Hopkinson's pressure bar. The author observed that the failure occurred 
1. Comparative stress-strain curves at 
low and intermediate rates of strain were obtained and the effect of strain rate on the tensile 
modulus, strength was discussed.  An extension of the technique was developed to obtain the 
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dynamic stress-strain curves of woven roving glass/epoxy composites where failure approached at 
-1 strain rate. 
 
Kwon, Choi, Huh and Lee [41] studied strain rate effect on elastic modulus and the ultimate tensile 
strength of carbon fiber reinforced plastic laminates under dynamic loading. Testing was 
1 1 strain rate using Instron 8801. The axial strain was measured 
by the digital image correlation method using a high-speed camera. A prediction model of the 
elastic modulus of carbon fiber-reinforced plastics laminates was utilized to predict the tensile 
properties of laminates at different fiber orientation. The elastic moduli predicted were compared 
with the static and dynamic tensile test results to confirm the accuracy of the prediction model. 
 
Hosur, Alexander, Vadiya and Jeelani [42] studied high strain rate compression response of 
carbon/epoxy laminate composites. Specimens were manufactured with plies of a DA 4518 
unidirectional carbon/epoxy material. Modified split Hopkinson Pressure Bar was used to test at 
82, 164 and 817 s 1 strain rates. The unidirectional laminate samples were subjected to loading 
along 0° and 90° directions. Dynamic stress strain plot was obtained for each sample and 
compared with the static compression test result. The results of the study indicate that the dynamic 
strength and stiffness exhibit increase as compared to the static values within range of strain rates. 
 
Koerber, Xavier, Camanho, Essa and Escalera [43] studied mechanical behavior of out-of-
autoclave aerospace textile composite, 5-harness-satin carbon/epoxy under quasi-static to dynamic 
loading. Tests were conducted at 0.0004, 200 and 1000 s-1 strain rates. The effect of strain rate for 
transverse, compression and combined transverse compression/in-plane shear loading was 
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analyzed. The dynamic tests were carried out on a split-Hopkinson pressure bar with high speed 
photography and digital image correlation. Distinct effect of strain rate on the axial stress strain 
response was observed for all specimen types. It was observed that the failure envelope was simply 
scaled up with increasing strain rate, while the overall shape was found to be strain rate 
independent. 
 
Shokrieh and Omidi [44] tested unidirectional 82.7mm X 12.7mm X 1mm specimens glass/epoxy 
composi
properties. A high-speed, servo-hydraulic tensile testing machine was used to test the specimens 
with strain rates ranging from 0.001 to 100 s-1. The material properties were observed to increase 
with increasing strain rate. Change in failure mode was observed in the composite as the strain rate 
was increased. At lower strain rates, the damage area was small, but at higher strain rates, the 
damage area spanned the entire specimen gage length because of the difference in energy 
absorption.  
 
Mechanical properties of polymeric composites reinforced with high strength glass fibers were 
studied by Kinsella, Murray, Crane, Mancinelli and Kranjc [45]. The influence of filament 
diameter, over the range 9 - 26 microns, and size chemistry on composite mechanical performance 
was described in the study.  Matrix material was epoxy and vinyl/polyester resins. Data on high 
strength glass composites reinforced with UD fiber and fabrics were reported from -55°C to 80°C. 
 
Mechanical properties of vinyl ester/epoxy interpenetrating polymer networks were studied by Jia, 
Huang and Qin [46]. The change in characteristic groups, curing process, mechanical properties, 
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damping properties, morphology, and thermal stability was analyzed. It was found that the 
damping ability, mechanical properties, and thermal stability were all enhanced through the 
introduction of VE into EP to form the IPN structure. Mechanical measurement revealed that the 
impact strength of the IPNs was higher than that of the EP matrix, and the tensile strength of the 
IPNs was impaired when the VE content was beyond 10%.  
 
Larco, Pahonie and Edu [47] conducted a study on the effects of fiber volume fraction on the 
longitudinal mechanical properties of E glass/epoxy composite specimen. The research included 
both analytical and experimental work. Fiber volume fraction was determined by ignition loss 
method. The result showed that fiber volume fraction had direct influence on the ultimate strength 
and modulus of elasticity of the composite plate. Tensile tests on specimens with different volume 
fractions allowed the identification of the mathematical relationship between the fiber volume 
fraction and the longitudinal elastic modulus. 
 
Onyechi, Asiegbu, Igwegbe and Nwosu [48] investigated the effects of volume fraction of 
periwinkle shells on the mechanical properties of particulate reinforced polyester composite. Five 
replicated samples were manufactured with 10%, 20%, 30%, 40% and 50% fiber volume fractions. 
Total of 100 samples were produced and subjected to tensile, flexural, hardness, and impact test 
and results were graphically analyzed with Minitab 15 software. The maximum tensile strength of 
24.3MPa was obtained from the composite 




2. It was concluded that the tensile and flexural strength rises highest at 30% content where it then 
decreases sharply, but in hardness and impact test, increase in volume fraction increases the BHN 
and impact strength. 
 
Effect of reinforcement volume fraction on the mechanical properties of the Al-SiC nanocomposite 
materials was studied by Iqbal and Amierah [49]. Al matrix composites reinforced with SiC 
nanoparticles were fabricated by a powder metallurgy process at three different volume fractions. 
The samples were prepared with 200 kN compaction load and 600°C sintering temperature. The 
density and hardness of the samples were investigated, and the microstructure of the 
nanocomposites was examined by optical microscope. The results showed that the high volume 
fraction reinforced nanocomposite exhibited better microstructural feature and high hardness as 





















1.3 Research Objective 
 
 
The overall objective of this study is to improve the design process for composite materials subject 
to dynamic loading. Development of an experimental method was conducted. A new testing 
procedure for measuring the tensile properties of laminated composites under low and moderate 
strain rates has been refined and improved.  
 
The specific objectives are divided into two categories: testing & analysis and improvement to the 
current dynamic tensile test procedure. 
 Composite material specimens were prepared from selected combination of glass fibers 
and resins. They were tested at strain rates ranging from quasi-static to dynamic range. 
Using current and previously done experimental data the effect of strain rate on material 
properties was studied.  
 Improvement of the current dynamic tensile test procedure was proposed. Parametric study 
was conducted to advance the test fixture and recommendations were made for the final 
fixture design. The new fixture and testing procedure would allow us to test under dynamic 










CHAPTER 2  
EXPERIMENTAL METHODS 
 
A comprehensive literature review provided the indication of suitable material choices and 
methods for testing fiber reinforced composite materials under static and dynamic loading.  Before 
designing any structure that would undergo dynamic loading condition, we must know the static 
and dynamic material properties. Completion of mechanical characterization tests and analysis of 
the materials will help to make conclusions concerning their suitability for impact loading 
applications. Methods for the static and dynamic tensile characterization of composite materials 
were created based on certain aspects of the literature review as well as appropriate sections of 
existing materials testing standards. Quasi-static tensile testing of the fiberglass composite 
materials was conducted with a method based on ASTM testing standard D3039 using MTS 810 
material testing system. The dynamic tensile testing was conducted by Dynatup drop weight 
impact tower based on ASTM test standard D3039.  
 
2.1 Material Selection 
 
A fiber-reinforced composite consists of high strength/high modulus fibers that are embedded in a 
matrix. The resulting thermal and mechanical properties of a composite are a combination of the 
characteristics of fibers and matrix. In general, the fiber reinforcement of a composite is the 
principal load carrying constituent, while the matrix orients the fibers and transfers the load 
between adjacent fiber layers. 
 
Currently, there are several types of commercial reinforcing fibers available for purchase. Mallick 
[50] provided a comprehensive list of commercially available reinforcing fibers and their 
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mechanical properties. Tensile strength and strain to failure are the most important fiber properties 
for dynamic loading condition. The list of material properties shows that glass fibers exhibit the 
highest strain to failure values (~5.0%) and they also have a reasonably high tensile strength (3.5-
4.5 GPa). Some other advantages of glass fibers are their low cost compared to carbon and aramid 
(Kevlar) fibers, high chemical resistance and excellent insulating properties. Generally, two types 
of glass fibers are used: E-glass and S-glass. Of the two, E-glass is the less expensive selection, 
but it exhibits lower mechanical properties. S glass fibers were first used in joint work between 
Owens Corning Textile Products and the United States Air Force in 1960. Later in 1968, S2-
Glass® fibers began evolving into a variety of commercial applications [51]. S2-glass is a lower 
cost version of S-glass which exhibits properties that are better than E-glass and comparable to S-
glass. S2- glass is manufactured with less stringent nonmilitary specifications, but its tensile 
strength and modulus are similar to those of S-glass. Table 2-1 shows Typical composition of E-
glass and S-glass fibers. 
Table: 2-1 E-glass and S-glass composition [52] 
  E-glass (%) S-glass (%) 
SiO2 54 65 
Al2O3 14 25 
B2O3 9   
MgO 5 10 
CaO 18   
 
There are many matrix materials also available. Polymer matrix materials are divided into two 
categories, thermoplastic and thermoset. They both exhibit some advantages and disadvantages. 
 
The advantage thermoplastic matrix materials demonstrate are high impact strengths and fracture 
resistances, unlimited storage lives and relatively short curing times. Disadvantages are these 
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materials exhibit high viscosity which makes fiber wet out difficult. They also soften during heat 
and pressure. This happens because the individual molecules are in a linear structure without any 
chemical linking between them in thermoplastic matrix materials. As a result, the molecules are 
held in place with weak intermolecular force. 
 
On the other hand, thermoset matrix materials are polymers in which the molecules are chemically 
joined with cross-links. As a result, they have a rigid three-dimensional structure. Some advantages 
of thermoset matrix materials are low viscosity, good thermal stability and chemical resistance, 
and negligible creep behavior as compared to thermoplastics.  Some disadvantages of them are 
limited storage life, relatively long cure times, and lower strain to failure values than 
thermoplastics. 
 
Thermoplastic materials have high impact strength values and high fracture toughness, so they are 
a good choice for impact loading applications. But it is difficult to manufacture thermoplastic 
composite manufacturing process [53]. There are many different types of thermoset matrix 
materials and two that are commonly found are epoxies and vinylesters. These two types offer 
several advantages and disadvantages. Epoxies can be manufactured with a wide variety of 
properties for numerous applications as many different starting agents and modifiers are used in 
its manufacturing process. Furthermore, volatiles are absent during the epoxy cure cycle, epoxies 
exhibit relatively little shrinkage, and epoxy materials demonstrate excellent resistance to 
chemicals and solvents. However, epoxies have longer cure times and are relatively expensive. 
Vinylester matrix materials offer many of the benefits of epoxies, including good mechanical 
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properties as well as a high resistance to chemicals, as well as a lower viscosity, faster cures times, 
and they are less expensive. 
 
Total of four types of fiberglass composites were manufactured and tested for this study. They are 
S2-glass/epoxy, E-glass/vinylester, S2-glass/vinylester and E-glass/epoxy materials. Testing of 
these materials allowed a comparison between a high cost material system and a lower cost one 
and helped quantify the differences between lower strength fibers (E-glass) and higher strength 
fibers (S2-glass) under dynamic strain rate loading. 
 
Warp unidirectional fabrics were purchased for both material systems. The two-part epoxy matrix 
material that was purchased for testing consisted of a thin resin with a medium hardener (US 
Composites 635 Thin Epoxy System). This combination resulted in a pot life of approximately 25 
minutes and a complete drying time of eight to ten hours. Alternatively, the vinylester material 
that was purchased for testing consisted of vinylester resin with an MEKP hardener (Fibre Glast 
1110 Vinylester System). This combination resulted in a pot life of 25 minutes with a complete 
drying time of four to eight hours. Table 2-2 provides a summary of the materials purchased for 









Table 2-2: Purchased composite material details and vendors 
Material Vendor 
S2-glass Fabric 
(Warp unidirectional, 220 g/m2) 
Fiberglass Supply 
E-glass Fabric 
(Warp unidirectional, 237 g/m2) 
Fibre Glast Developments Corporation 
635 Thin Epoxy Matrix System 
(Thin resin with medium hardener) 
US Composites 
1110 Vinylester Matrix System 
(Vinylester resin with MEKP hardener) 
Fibre Glast Developments Corporation 
 
 
                 











2.2 Test Sample Fabrication  
 
After selecting fibers and matrix material, composite panels were manufactured. End tabs were 
added to the panels and they were cut to length for testing. Finally, strain gages were attached to 
the test specimen.  
2.2.1 Manufacturing Composite Panels 
 
Composite laminates for this study were manufactured in a bag molding process under vacuum 
pressure. This method was chosen for its relative simplicity and ability to produce composites with 
volume fractions close to 60%.  
 
To begin the composite manufacturing process, individual layers of the fiber material were cut 
from a large roll (Figure 2-3). The thickness of layers for the longitudinal, transverse, and shear 
specimens were chosen according to Table 2-3. All fiber materials were taken from the same roll 
to ensure uniformity of the final composite. 
 
 
Figure 2-3: Plies of fiberglass material are removed from a large roll 
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Fibers were cut in three different orientations (0°, 90°, ± 45°) so that the layup panels can be tested 
for longitudinal, transverse and shear properties, respectively. 
 
Next, the chosen resin was mixed after the fiber materials and workspace was prepared to avoid 
premature hardening of the resin. Epoxy and vinylester resins were chosen for this study. Each 
individual layer was completely wetted out with the resin prior to the next layer being added. Once 
all the layers were completely saturated, any excess resin was squeezed out to promote a high fiber 
volume fraction. It was assumed that the pressure applied from the vacuum would remove any 
additional resin during the cure cycle. The completed panels were then enclosed within the vacuum 
bag and the vacuum hose affixed as seen in Figure 2-4. 
 
 
Figure 2-4: Completed composite specimens enclosed in a vacuum bag and vacuum hose affixed  
 
After the composite panel was enclosed in the vacuum bag and the vacuum hose affixed, the 
vacuum tape was securely attached to prevent any air leaks. Next, the vacuum pump was turned 
on and the air was removed from the bag applying a uniform pressure over the composites as seen 




Figure 2-5: Composite panels under vacuum pressure 
 
The composite panels were left to cure under vacuum pressure for approximately 6 hours and 
allowed to completely cure in the bag for approximately 24 hours. After the curing period, the 
composite laminates were removed from the vacuum bagging material and the ends trimmed using 
a mechanical shear. The finished and trimmed composite can be seen in figure 2-6. 
 
 
Figure 2-6: Finished and trimmed composite laminate 
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Fiber volume fraction was calculated after the panels had fully cured. Fiber volume fraction 
calculation was performed using the following equation: 
                                                                                                                      Eq. 1 
Where: 
 = Fiber volume fraction  
 = Fiber weight fraction  
 = (1 - ) Matrix weight fraction 
= Fiber density 
 = Matrix density 
For all the panels mechanical properties were obtained from the technical data sheet of the fiber 
and the matrix material [54, 55, 56 and 57]. They were used to calculate individual fiber volume 
fraction. 
 
Sample calculation of fiber volume fraction is shown below for E-glass/Epoxy longitudinal panel. 
For this panels, here is the measured and obtained property value: 
 = E-glass fiber weight fraction = 0.76  
 = Epoxy weight fraction = (1 - ) = 0.24 
= E-glass fiber density = 2.62 g/cm3 










Similarly, fiber volume fraction was calculated for all 12 panels. Table 2-3 shows the fiber 
volume fraction data. 








E-glass/Epoxy 0.56 0.54 0.55 
E-glass/Vinylester 0.54 0.56 0.57 
S2-glass/Epoxy 0.56 0.57 0.59 
S2-glass/Vinylester 0.53 0.54 0.55 
 
 
2.2.2 Panel End Tabbing 
 
After the laminate was trimmed, end tabbing material was bonded to the front and back of each 
panel. Before the tabbing material was affixed to the panels, the surface of the tabbing material 
and composite panel was lightly sanded to promote a good bond (figure 2-7). After the composite 
and end tabs are lightly sanded and cleaned, the resin and micro-bead mixture was applied, and 
the end tabs were fixed to the composite panels. Weights were placed on top of the panels to ensure 




Figure 2-7: Surface of composite panel and tabbing material lightly sanded to promote adequate 
fixation of tabbing material 
 
 
      
Figure 2-8: Tabbing and composite material trimmed (left), Weight applied  (right) 
 
 
2.2.3 Sample Cut to Length 
 
The dimensions of the composite test specimens were based on the standards set in ASTM D3039. 
This standard describes the test methods for tensile properties of polymer matrix composite 
materials. The basic dimensions of a composite test specimen according to ASTM D3039 are given 
in table 2-4. The approximate thicknesses of the composite test specimens are given in table 2-5 
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and are based on the standard test methods described in ASTM D3039 [58]. These approximate 
thicknesses were chosen as to promote failure within the strain gage region. It was assumed that 
the specimens oriented at 0° would require the highest loads to cause failure, as the fibers are 
oriented parallel to the applied tensile load. Also, it was assumed that the specimens oriented 
transversely (90°) would require the lowest loads to cause failure, as the fibers are oriented 
perpendicular to the applied tensile load. As such, the composite test specimens oriented 
longitudinally were manufactured with the smallest thickness, transverse specimens were 
manufactured with the largest thickness, and the shear specimens were manufactured with a mid-
range thickness. In total 12 panels were manufactured for S2-glass/epoxy, S2-glass/vinylester, E-
glass/epoxy, and E-glass/vinylester for a fiber orientation of 0°, ± 45°, and 90°. Various 
combinations of fiber and resin were fabricated, and the number of layers used for each panel was 
chose in such way so that it could match with previous panel thickness [Table 2-5]. 
 
Table 2-4: ASTM D3039 standard dimensions for composite specimen testing [58]. 
Parameter ASTM D3039 Requirement 
Shape Uniform rectangular cross-section 
Length grip area + 2 times width + gage length 
Width As needed, but large enough to promote failure in gage area 
Thickness As needed, but large enough to promote failure in gage area 
 
Table 2-5: Approximate thickness of composite test specimens [58] 
Fiber orientation Thickness 
0º ~0.71 mm 
90º ~4.3 mm 
45º ~1.8 mm 
 





Figure 2-9: Completed manufactured individual composites specimens 
 
 
2.2.4 Strain Gage Attachment 
 
The Strain gages used were from Vishay Micro-Measurements (CEA-06-062UT-350). These are 
general purpose 350 tee rosette strain gages. These strain gages are rated for an operating 
temperature range of (75 to 175 C). These particular strain gages were chosen for their small size 
as they measure 7.9 mm by 7.9 mm. This small size would ensure that the strain gages would fit 




The procedure for the application of a stain gage begins with the preparation of the surface of the 
composite. First, a degreaser is used to remove any grease or oil and ensure that the surface is 
clean. Next, the surface is lightly sanded to remove any unevenness and provide a uniform surface 
for the attachment of the strain gage. After the surface has been smoothed, it is re-cleaned using a 
conditioner. Then a neutralizer is applied to create the perfect pH at the surface of the specimen 
allowing for optimal bonding of the adhesive. The strain gage is carefully arranged, and a piece of 
scotch tape applied over the gage. A catalyst is applied over the surface of the specimen, and then 
a small amount of adhesive is applied on top of the catalyst. The strain gage is then carefully placed 
over the surface of specimen and pressure applied for about one minute to ensure a good seal. The 
tape is slowly peeled back leaving the strain gage firmly affixed to the composite specimen. 
Finally, lead wires are attached to the terminals of the strain gage with solder and the composite 











2.3 Quasi-Static Tensile Test Method 
 
Quasi-static tensile testing of the fiberglass composite materials was conducted with a method 
based on ASTM testing standard D3039. This testing standard covers the methods commonly used 
for the tension testing of polymer composite materials. 
 
A MTS 810 Material Testing System was uses for quasi-static testing with appropriate apparatus 
set up [59]. Test specimens were pre-loaded first to an ascent rate of 12.7 mm/min. Adequate 
clamping pressure was provided so that there was no slippage of specimen while testing and at the 
 the 
specimens were loaded to the point of failure with a constant crosshead ascent rate that of 0.64 
mm/min (.01 mm/s at a strain rate of 0.0001 s-1). Throughout each test instantaneous force, 
displacement, and strain data was recorded with a frequency of ten readings every second.  
 
Instantaneous force data was gathered from a force transducer which was connected to an 
appropriate signal conditioner. The signal conditioner conditioned the force signal through 
excitation so that the force data could be read. Strain was read from CEA-06-062UT-350 gages 
affixed to specimens through a signal conditioning amplifier. This conditioning amplifier has 
channels to support multiple strain gages which was required as the composite tensile tests utilized 




Figure 2-11: MTS testing system used for quasi-static tensile testing 
 
 
Quasi-static tensile testing was conducted for three types of test specimens. They are with 
longitudinal fiber orientation, axial fiber orientation and specimens with ±45º fiber orientation. 








Table 2-6: Material properties determined from the composite testing 
Specimen Configuration Material Properties 
Longitudinal fiber orientation 
 Longitudinal tensile strength 
 Longitudinal tensile modulus 
  
Transverse fiber orientation 
 Transverse tensile strength 
 Transverse tensile modulus 
45  fiber orientation 
 Shear tensile strength 
 Shear tensile modulus 
 
Three specimens were tested for each of the specimen configurations. The tensile properties were 
determined for each individual specimen within a specific group and then averaged to determine 
the tensile properties for the whole group.  
 
The longitudinal tensile strength was taken as the maximum occurring engineering stress, which 
was calculated with Equation 2. 









 = Engineering stress 
P = Load data 
A = Specimen cross-sectional area 
t = Specimen thickness 
w = Specimen width 
 
Engineering stress versus axial strain curve was generated for all the tested specimens to determine 
the longitudinal tensile modulus. The tensile modulus was taken as the slope of the initial linear 
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portion of these plots. The instantaneous transverse and axial strain values for the longitudinal 
specimens were plotted versus each other. The slope of the initial linear portion of these curves 
 
 
Transverse tensile properties were determined from the tests of the specimens with fibers oriented 
across their lengths. The transverse tensile strength was taken as the largest occurring engineering 
stress. The transverse engineering stress values were determined with Equation 2 using the 
instantaneous load data recorded during the transverse tests. Engineering stress versus axial strain 
curves were created for each of the tested specimens. The transverse tensile modulus was taken as 
the slope of the initial linear portion of these plots. 
 
Next, the shear properties were determined. ASTM test standard D3039 defines the procedures for 
testing all polymer composite materials but it only provides recommended data reduction 
techniques for the longitudinal and transverse specimen configurations. The ASTM test standard 
D3518 [60] discusses the in-plane shear mechanical properties and how to calculate them. D3518 
defines the in-plane shear strength as the maximum shear stress at or below 5% strain. The 
instantaneous shear stress values were determined with Equation 3. 




                                                                     Eq. 3 
Where, 
12 = Shear Stress  
P = Applied load  




Shear strain values were determined with Equation 4.  
tl12                                                                     Eq. 4 
Where, 
l = Longitudinal strain 
Shear stress versus shear strain curves were plotted and shear modulus was determined from those 
plots. 
 
2.4 Dynamic Tensile Test Method 
 
There are no existing testing standards to describe the impact behavior of composite materials. As 
such, the dynamic tensile testing methods for the study were based on the standards set in ASTM 
test standard D3039 [58] and the previous work [61]. 
 
The Dynatup drop weight impact tower (figure 2-12) was chosen for this experiment. The clamps 
shown in figure 2-13 were used to prevent specimen slippage during testing and to promote failure 
in the gage length. The fixture was designed such that during the impact from the drop weight, the 
specimen would be loaded in tension. The fixture primarily consisted of a specimen holder, 
specimen clamps, a transmitter bar, and a load ring. The top threaded section shown in figure 2-
14 is connected to the specimen holder fixing the specimen in place. The transmitter bar is 
suspended just below the specimen. A weight is applied to the load ring and set to a pre-determined 
12 = Shear strain  
t = Transverse strain  
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height. The pre-determined height and weight are calculated as to provide sufficient force to 
promote failure in the specimen. As the weight is released, the load ring strikes the transmitter bar, 
transmitting the tensile load to the specimen causing failure. 
 
 












Figure 2-14: Fixture design [61] 
  
Clamping Blocks Ends adapt to 









allowing for maximum gravity generated impact energy of 448 J and a maximum pneumatically 
assisted impact energy of 816 J. While the Dynatup impact drop tower was used to generate the 
impact loads, a separate/modular system was used to collect instantaneous load, displacement, and 
strain data. The primary component of this data acquisition system was a Scopecorder oscilloscope 
capable of simultaneously displaying real-time results from six separate input channels. 
Instantaneous force data was gathered from a PCB force transducer capable of a maximum force 
reading of 222.4 kN. The force transducer was connected to an appropriate PCB signal conditioner. 
The signal conditioner conditioned the force signal through excitation so that the force data could 
be read by the oscilloscope. The chosen conditioner used BNC connectors for both signal input 
and output and applied unity gain. Concurrent with the force measurements, strain data was 
recorded. Strain was read from gages affixed to specimens through a Vishay signal conditioning 
amplifier. This conditioning amplifier has channels to support up to four strain gages. Support of 
multiple gages was required as the composite tensile tests utilized two strain channels. The process 












                       Figure 2-15: Instrumentation scheme for the dynamic testing [61] 
 
Design calculations were performed to ensure that the specimens would fail within the gage length 
and not at the specimen ends or at the threaded connection between the clamping blocks and testing 
fixture. Since the material of the clamping blocks is only steel, the stresses were only calculated 











Prediction of the composite failure load (Quasi-static testing): 
twSP y                                                                         Eq. 5 
 
 Where,  
P: Predicted composite failure load 
Sy = Published longitudinal failure stress of the composite 
W = Specimen width 
t = Specimen thickness 
To account for dynamic testing, the composite failure was scaled by 2: 
                                     
                                                                                                                                           
Eq. 6 




                                                                       Eq.7 
Where, 
  
P = Predicted composite failure load 
D = Major thread diameter (15.9 mm) 







Calculation of safety factor for shear stress: 






                                                                         Eq. 8 
Where, Sf = Safety factor. 
Sy = Yield stress of steel (345 MPa) 
stress on the thread 












P = Predicted composite failure load 
dM = Major thread diameter (15.9 mm) 
dm = Minor thread diameter (13.0 mm) 
t = Thickness of threaded connection (25.4 mm) 
p = Thread pitch (2.31 mm) 




S                                                                               Eq. 10 
Where, Sf = Safety factor 




The safety factors associated with the threaded connection between the clamping blocks ends and 
the dynamic test fixtures were determined to be much greater than one. Therefore, failure should 
occur within the specimen gage length and not fixture connection. 
 
A strain rate of 25 s-1 was used in testing. A load of 445 N was chosen as it was more than the 
required load needed to fracture the specimens and would assist the crosshead in maintaining its 
impact velocity after initially striking the test fixtures. 
Calculation of the initial impact velocity was based on desired dynamic strain rate: 
olv0                                                              Eq. 11 
Where,  
vo = Initial impact velocity 
 
lo = Initial specimen gage length 
 






0                                                                 Eq. 12 
Where, 
 vo = Initial impact velocity 





The obtained data from the impact tests was used to determine the material properties. The impact 
tensile properties were determined for each individual specimen within a specific group and then 
averaged to determine the tensile properties for the whole group. 
Data obtained from the specimens having fibers oriented along their lengths was used to calculate 
the longitudinal material properties.  The methods used to calculate the properties were identical 
to the methods used for the quasi-static test data. The longitudinal tensile strength was taken as the 
largest occurring engineering tensile stress.   
 
Similarly, transverse tensile properties were determined from the test data of specimens with fiber 
orientation across their lengths. The transverse tensile strength was taken as the largest occurring 
engineering stress. In-plane shear strength was calculated from the data obtained from testing the 














COMPOSITE TEST RESULTS 
3.1 Quasi-Static Test Results 
 
Quasi-static tensile testing was completed with the MTS testing system shown in figure 3.1 on E-
glass/epoxy, E-glass/vinylester and S2-glass/vinylester composite materials with a strain rate of 
0.0001 s-1. At least three specimens with longitudinal, transverse and ±45º fiber orientations were 
tested to failure for each type of composite materials. Instantaneous force, strain data was recorded 
which was analyzed to obtain axial, transverse and shear material properties. 
 
 
Figure 3-1: Test setup for quasi static test 
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Stress vs. strain and Stress vs. time graph for all the longitudinal specimens are shown below. 
Longitudinal modulus was obtained from the slope of the initial linear part of the stress-axial strain 
graphs. Stress vs. time graph shows the highest stress which was taken as the material strength and 
also the stress behavior with time duration
transverse vs. axial strain curves. 
 
Figures 3.2  3.5 show the quasistatic stress versus strain and stress versus time curves for the 
longitudinal E-glass/epoxy and E-glass/vinylester specimens. Figures 3.6  3.7 show the quasi-
static stress versus strain and stress versus time curves for the longitudinal S2-glass/vinylester 
specimens. Note that the strain gages failed at different stress levels so the stress-strain curves can 
only be used to determine modulus, but not strength values. Example of photographs of the failure 
modes of these specimens are shown in Figure 3.8. As expected, all the specimens failed along the 



































   

















Figures 3.9  3.12 show the quasistatic stress versus strain and stress versus time curves for the 
transverse E-glass/epoxy and E-glass/vinylester specimens. Figures 3.13  3.14 show the quasi-
static stress versus strain and stress versus time curves for the transverse S2-glass/vinylester 
specimens. Note that the strain gages failed at different stress levels so the stress-strain curves can 
only be used to determine modulus, but not strength values. Example of photographs of the failure 
modes of these specimens are shown in Figure 3.15. As expected, all the specimens failed across 













































Figure 3-15: Failure mode during quasi-static testing of transverse E-glass/Vinylester specimens 
 
Figures 3.16  3.19 show the quasi-static shear stress versus strain and shear stress versus time 
curves for the E-glass/epoxy and E-glass/vinylester specimens. Figures 3.20  3.21 show the quasi-
static shear stress versus strain and shear stress versus time curves for the S2-glass/vinylester 
specimens. Example of photographs of the failure modes of these specimens are shown in Figure 









































Figure 3-22: Failure mode during quasi-static testing of shear S 2-glass/Vinylester specimens 
 
Finally, all the data was analyzed, and the material properties calculated is shown in table 3.1.  
 
Table 3-1: Summary of quasi-static test results (mean value ±one standard deviation) 
Material Properties E-glass/Epoxy E-glass/Vinylester S2-glass/Vinylester 
Longitudinal Strength (MPa) 487.25 ± 8% 427.5 ± 4% 554.6 ± 7% 
Longitudinal Modulus (GPa) 36 ± 9% 21.6 ± 16% 20.9 ± 6% 
Ratio 0.35 ± 8% 0.31 ± 12% 0.32 ± 12% 
Transverse Strength (MPa) 4.1 ± 24% 12.4 ± 23% 19.9 ± 15% 
Transverse Modulus (GPa) 3.8 ± 10% 5.4 ± 4% 5.1 ± 11% 
Shear Strength (MPa) 30.4 ± 1% 28.5 ± 20% 35.1 ± 10% 








Theoretical value of modulus and strength were calculated for E-glass/epoxy, E-glass/vinylester 
and S2-glass/vinylester composites using the Following equations [50].  
 
                                                                Eq. 13 
 
                                                                                                       Eq. 14 
 
Where,  
E11 = Longitudinal modulus of composite 
E22 = Transverse modulus of composite 
Ef = Tensile modulus of fiber 
vf =Fiber volume fraction 
Em = Tensile modulus of matrix material 
vm = Matrix volume fraction 
 
                                                                                                                  Eq. 15 
Where,  
G12 = Shear modulus of composite 
Gf = Shear modulus of fiber 
vf =Fiber volume fraction 
Gm = Shear modulus of matrix material 






 = Longitudinal tensile strength of composite 
 = Fiber tensile strength 
 = Fiber volume fraction 
 = Stress in the matrix at the composite and fiber failure strain level    
 = Matrix volume fraction 
 
 
                                                                                                                           Eq. 17 
 
Where, 
 = Longitudinal modulus of matrix 
 = Fiber strain to failure 
 
                                                                                                                               Eq. 18 
 
Where,  
S = Approximated using strain magnification factor (SMF) 







                                                  Eq. 19 
 
Where,  
 = Fiber volume fraction 
 = Longitudinal modulus of matrix 
 = Longitudinal modulus of fiber 
 
Table 3-2 shows the material properties obtained from the published sources [54, 55, 56, 57] and 
Table 3-3 shows the theoretical and experimental modulus and strength of E-glass/epoxy, E-
glass/vinylester and S2-glass/vinylester composites. 
 
Table 3-2: Material properties of fiber and matrix material 
Properties E-Glass S2-Glass  Epoxy Vinylester  
Modulus of Elasticity (GPa) 72.4 86.9 2.2 3 
Shear Modulus (GPa) 30 35 4 4.2 
Poisson's ratio 0.2 0.23 0.3 0.3 
Tensile strength (GPa) 3.45 4.89 0.0658 0.077 

















E-glass/Epoxy 41.51 36 ± 9% 
E-glass/Vinylester 40.48 21.6 ± 16% 
S2-glass/Vinylester 47.47 20.9 ± 6% 
Longitudinal 
Strength (Mpa) 
E-glass/Epoxy 1980 487.25 ± 8% 
E-glass/Vinylester 1930 427.5 ± 4% 
S2-glass/Vinylester 2670 554.6 ± 7% 
Transverse 
Modulus (Gpa) 
E-glass/Epoxy 4.62 3.8 ± 10% 
E-glass/Vinylester 6.48 5.4 ± 4% 
S2-glass/Vinylester 6.27 5.1 ± 11% 
Transverse 
Strength (Mpa) 
E-glass/Epoxy 12.88 4.1 ± 24% 
E-glass/Vinylester 14.66 12.4 ± 23% 
S2-glass/Vinylester 15.34 19.9 ± 15% 
Shear Modulus 
(Gpa) 
E-glass/Epoxy 7.64 6.7 ± 1% 
E-glass/Vinylester 8.23 7.1 ± 1% 
S2-glass/Vinylester 8.14 5.1 ± 5% 
 
 
Discussion on the quasi-static analytical, experimental result is presented along the along with 












3.2 Dynamic Test Results 
 
Dynamic tensile testing was completed with the Instron Dynatup drop weight impact tower with a 
strain rate of 25 s-1. Samples were tested in the longitudinal, transverse, and shear material 
directions. At least three specimens of each type of fiberglass composite were tested to failure for 
each type of test completed. Upon completion of testing, the data was reduced using the methods 
discussed in the previous chapter to determine longitudinal, transverse and shear strength. 
 
The stress versus time curves were analyzed resulting from the 25 s-1 strain rate tensile testing of 
the longitudinal, transverse and shear specimens of all the four composite materials combination. 
Note, that stress is plotted versus time instead of strain as strain data was not available from the 
attached gages past the elastic region. Also, the deformation modes experienced by the specimens 
were identical to those failure modes observed at the quasi-static level. The resulting curves were 
 shown in table 3.2.  
 
Figures 3.23  3.26 show the dynamic stress vs time curves for longitudinal E-glass/epoxy,  E-
glass/vinylester, S2-glass/epoxy and S2-glass/vinylester specimens at 25s-1. Example photographs 
of the failure modes of these specimens are shown in Figure 3.27. As expected, all the specimens 





Figure 3-23: Dynamic stress-time curves for longitudinal E-glass/Epoxy composite at 25s-1 
 
 














Figure 3-27: Failure mode during dynamic testing of E-glass/Epoxy longitudinal specimen 
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Figures 3.28  3.31 show the dynamic stress vs time curves for transverse E-glass/epoxy,  E-
glass/vinylester, S2-glass/epoxy and S2-glass/vinylester specimens at 25s-1. Example photographs 
of the failure modes of these specimens are shown in Figure 3.32. As expected, all the specimens 
failed across the 90o fiber orientation. 
 
 


















Figure 3-32: Failure mode during dynamic testing of E-glass/Epoxy Transverse specimen 
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Figures 3.33  3.36 show the dynamic shear stress vs time curves for E-glass/epoxy,  E-
glass/vinylester, S2-glass/epoxy and S2-glass/vinylester specimens at 25s-1. Example photographs 
of the failure modes of these specimens are shown in Figure 3.37. All the specimens failed in a 
sort of ball and socket manner as anticipated. 
 
 



















Figure 3-37: Failure mode during dynamic testing of E-glass/Epoxy (top) and S2-glass/Epoxy 
(bottom) shear specimens 
 
 












Strength (MPa) 1046 ± 11.7% 1242 ± 5% 1180 ± 10.9% 1315 ± 21% 
Transverse Strength 
(MPa) 14.2 ± 4% 158 ± 12% 23.3 ± 13.3% 17.9 ± 16% 
Shear Strength 









3.3 Discussion of Fiberglass Composite Results 
 
Several observations and qualitative comparisons can be made from the test data about the 
differences of behaviors of all these material systems at quasi-static and 25 s-1 rates.  
 
Few comments can be made on the comparison on theoretical vs experiential results in quasi-static 
loading conditions. Theoretical value of longitudinal Modulus of E-glass/epoxy, transverse 
modulus of E-glass/epoxy, E-glass/vinylester, S2-glass/vinylester and shear modulus of E-
glass/epoxy, E-glass vinylester were in good agreement with the experimental result. But the 
theoretical value of longitudinal modulus of E-glass/vinylester, S2-glass/vinylester and shear 
modulus of S2-glass/vinylester came higher than experimental value. Similar case was noticed in 
material strength. There are three probable reasons for this. First, when mechanical properties are 
reported for composites, it is assumed that the material having been evaluated is a prepreg. With 
prepreg materials, fibers are perfectly aligned, and the matrix material applied into the fiber 
reinforcement  is perfectly dispersed among the fibers. Second, the fibers were aligned by hand in 
the manufacturing process which could lead to some error. Experimentally obtained strength value 
found to be in line with previously reported work [61,63]. It is also possible that there were some 
misalignments in the end tabbing and gripping of the specimens. Despite the lowness of modulus 
value in few instances, qualitative comparisons can still be drawn between the material systems 
regarding their respective behaviors at the different strain rates.  
 
The experimental results show that the S2-glass material exhibits greater strength properties in the 
longitudinal, transverse and shear directions than the E-glass material. S2-glass/Vinylsester 
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composite material specimens were found to be 23%, 38% and 19% more in longitudinal, 
transverse and shear strength than that of E-glass/vinylester composite specimens.  The difference 
in strength between the two material systems could be caused by the chemical compositions of the 
two fiber types. Both S2-glass and E-glass fibers are comprised primarily of SiO2, however during 
the commercial manufacturing process, additional oxides are added to the material as modifiers. 
The addition of these modifying oxides tends to break the network bonds within the SiO2 
molecules which create flaws and weaken the structure [62].   
 
Experimental data shows that in longitudinal direction S2-glass/vinylester composite exhibits 23% 
more strength than that of E-glass /vinylester composite. Tensile strength of S2-glass fiber is higher 
than E-glass fiber by 24% [54,55]. This is a clear indication that the experimental data obtained 
from the quasi-static testing is very reasonable.  
 
Apart from the strength comparisons, some comments can also be made regarding the two 
-static strain rates. The area beneath the 
stress-time curves is usually taken as a qualitative measure of the m
capabilities. S2-glass/epoxy and S2-glass/vinylester material systems show their ability to absorb 
more energy prior to failure. This ability of the S2-glass is the result of its superior molecular 
structure. 
 
Behavior of the materials at 25 s-1 rate was also evaluated. Data shows that the longitudinal strength 
for both material systems is similar. E-glass/epoxy and S2-glass/epoxy composites had only 11% 
difference in longitudinal strength. For S2-glass/vinylester and E-glass/vinylester composites this 
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number was only 5%. This indicates that the E-glass material is more strain rate sensitive than the 
S2- like those 
observed during the quasi-static testing, that is the S2-glass material shows a greater ability for 
energy absorption than the E-glass material during the longitudinal, transverse and shear tests.  
 
Further analysis was conducted to compare material s. 
Additional experimental data was obtained from a previous research done by Nelson, [61] where 
the exact same experimental setup was used. For S2-glass/epoxy composite, strength data under 
quasi-static, 20 s-1 rate and 100 s-1 rates was used with for comparison study. For E-glass/vinylester 
composite material, strength data was obtained for 20 s-1 rate and 100 s-1 rates for all different 
loading orientations.  
 
Figure 3.39, 3.40 and 3.41 show the effect of strain rate on longitudinal, transverse and shear 
strength at .0001, 20, 25 and 100 s-1 rates on S2-glass/epoxy material system. 
 
 




Figure 3-39: Change in S2-glass/Epoxy transverse strength with increasing strain rate [61] 
 
 





From the above graphs it can be observed that S2-glass/epoxy material shows increases in its 
longitudinal, transverse, and shear strengths with the increasing strain rates. This is a good 
indication that S2-glass fiber is strain sensitive and stable in the tested strain rate range. Moving 
from quasi-static to 25 s-1, and from 25 to 100 s-1 Longitudinal samples show 22% and 40% 
increment. But for the same span shear samples showed 165% and 56% increment. Transverse 
strength was increased by 240% from quasi-static to 25 s-1 strain rate. This date also shows epoxy 
in rate sensitivity.  
 
Figure 3.42, 3.43 and 3.44 show the effect of strain rate on longitudinal, transverse and shear 








Figure 3-42: Change in E-glass/Vinylester transverse strength with increasing strain rate [61] 
 
 






E-glass/vinylester material system showed increase in strength properties when the testing rate 
was changing from quasi-static to 20 s-1 rate. Strength value was similar from 20 s-1 to 25 s-1 rate 
as expected. But the strength values decreased when the testing rate was increased to 100 s-1. 
Moving from quasi-static to 25 s-1 strain rate, longitudinal, transverse and shear samples show 
177%, 132% and 161% increment. But from 25 to 100 s-1 strain rate longitudinal, transverse and 
shear samples show 42%,30% and 24% decrease in value. This behavior indicates that the material 
system is more strain rate sensitive at lower testing speeds. At higher strain rate E-glass fibers 
became unstable and lose strength. 
 
When the testing rate was increased from quasi-static to 25 s-1, the longitudinal specimen showed 
higher increment (177%) in strength than that of S2-glass/epoxy system (22%). This is an 
indication of E- er strain rate sensitivity than S2-glass fiber up to 25 s-1 strain rate. 
 
After analyzing the test data, recommendation can be made regarding which fiber and matrix 
material might be best suited to dynamic loading conditions. It is evident that S2-glass fiber is a 
better option than E-glass fiber. Although E-glass fibers is more strain rate sensitive at lower 
testing rates, the data indicates that they lack in structural stability at rates around 100 s -1 which is 
not ideal for a material that can be used in dynamic loading situations. S2-glass fibers seemed to 
be minimally strain rate sensitive but no lack in stability was observed at higher strain rates. This 





As per matrix material, epoxy appeared to be more rate sensitive than vinylester. E-glass/vinylester 
strength properties also decreased at higher strain rate. Therefore, 
despite their higher cost, S2-glass/epoxy material combination would be the best combination 






















CHAPTER 4  
 
 IMPROVEMENT TO THE DYNAMIC TENSILE TEST PROCEDURE 
 
 
For this study a new test fixture was developed to allow testing at higher strain rate. 
Comprehensive study was completed on experimental variables that affect the test and limitation 
of our current design. Few modifications to the current design were made to improve test system 
as well as to ensure the capability of testing at higher strain rate. The modifications included 
change in fixture and size of specimen. Before changing the specimen shape theoretical study was 
conducted first. Calculation was done to make sure the specimen will break before any structural 
deformation of the fixture.  
 
A new fixture was designed, and new specimen geometry was proposed.  From the calculation it 
shows that with the new set up we will be able to test at a significant higher strain rate. We have 
another drop tower recently at UNLV with increased drop height. Calculation was also performed 
to check how high we can go with our strain rate in the new drop tower. 
 
4.1 Limitations of current design 
 
 
There are a few limitations in our current set up. One of them is limitation of highest strain rate 
that can be achieved. The existing set up with the current fixture and Dynatup Instron 8250 
machine is limited to a maximum drop height of 876.3 mm (34.5 inches). By using equation 14 
and 16 the highest strain rate that can be attained without any pneumatic air pressure was calculated 
to be 41 s-1.  
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In a previous study [61] 100 s-1 strain rate was achieved by using 550 kPa pneumatic pressure. 
However, there were significant machine vibrations when conducting the tensile property 
experiments with this additional pressure. It was recommended that the pneumatic pressure not be 
used for this type of experiment. After 1000 s-1 strain rate, a split Hopkinson bar [64,65] can be 
used but there are not many options for testing at intermediate strain rates from about 100 to 1000 
s-1other than split Hopkinson pressure bar modifications. The goal of this study would be 
developing a modified test procedure that will be able to close this gap and go as close as possible 
to that 1000 s-1 strain rate. Also, a window will be introduced in the load transfer cylinder to 
facilitate the use of a high-speed camera to observe the failure development. 
 
Composite materials are used under dynamic loading at intermediate strain rate in various 
industrial implementations. Sports industry is one of them. Fiber composite materials are used in 
skiing, snowboarding related equipment, golf clubs, bicycle, tennis racket and so on [66]. Lane, 
Sherratt, Hu and Harland [67] studied measurement of strain and strain rate during the impact of 
tennis ball cores. The results suggested that material characterization testing to a maximum rate of 
500 s-1 in tension and a maximum rate of -800 s-1 in compression would encapsulate the demands 
placed on the material during impact for this application.  In a similar study, Allen [68] studied 
finite element model of a tennis ball impact with a racket. The impact loading was at the strain rate 
between 300 to 670 s-1. Halldin and Lanner [69] analyzed energy absorption on helmets. The 
simulation study shows that a bicycle accident can have impact on the helmet over 200 s-1 strain 
rates. Besides these examples there are lots of other applications where the composite structures 




         4.2 Experimental variables that effect the test limitations 
 
 
There are few variables that affect the testing. The initial strain rate upon impact can be calculated 
from the following equation: 
ol
v0                                                                       Eq. 20 
Where,  
 
vo = Initial impact velocity required 




Calculation of initial impact velocity: 
                                                          
ghv 220                                                                    Eq. 21 
Where,  
vo = Initial impact velocity 
g = Acceleration due to gravity (9.81m/s2) 
h = Drop height 
From equation 20 and 21, it can be seen that the strain rate is dependent on the drop height and the 
specimen gage length. Strain rate will increase with the increase of drop height and decrease of 
gage length. Our primary goal would be modifying fixture and specimen so that we could increase 




4.3 Parametric study and final fixture design 
 
 
Some previous research provides some recommendations for smaller sized specimens. Hsiao and 
Daniel [70] studied the effect of strain rate on the compressive and shear behavior of carbon/epoxy 
composite materials. They used falling weight impact system and servo hydraulic testing machine 
for dynamic characterization of composite materials at strain rates up to few hundred per second. 
They generated strain rate below 10 s¹ using a hydraulic testing machine. Strain rates above 10 s¹ 
were generated using the drop tower device. All their specimens were 1 inch long and 0.50 inch 
wide and they were bonded to a similar high-strength steel specimen for the experiment. 
 
Shokrieha, Torabizadeh and Fereidoon [71] conducted a study of dynamic failure behavior of 
glass/epoxy composites under low temperature. The paper shows results of an experimental study 
on these composites subjected to low velocity impact. For experiment they used 2 inch long and 
0.50 inch wide specimens.  
 
From these studies we got an idea about how small we can go for our composite specimen. Also, 
a smaller size in specimen will allow cutting down length in various parts of the fixture which 
would eventually result in greater drop height. For this study it was decided to start with 2-inch 
(0.05 m) specimen.  
 
Theoretical calculation was performed at first to make sure the composite will fail within the gage 
length and not at the specimen ends or at the threaded connections. Since the material of the 




For dynamic testing, predicted composite failure load was calculated by the following equation: 
t] = 23.1 kN                                               Eq.22 
                                                        
                                   
Where,  
P: Predicted composite failure load  
Sy = Published longitudinal failure stress of the composite (1.3 GPa) 
w = Specimen width (12.7 mm) 
t = Specimen thickness (.7 mm) 
 
 







                                      Eq.23 
Where, 
  
P = Predicted composite failure load (23.1 kN) 
d = Major thread diameter (15.9 mm) 












S                                                             Eq. 24 
Where, 
Sf = Safety factor 
Sy = Yield stress of steel (345 MPa) 
MPa31.24 ) 
 
Calculation of compressive stress: 










                                Eq. 25 
Where,  
 
P = Predicted composite failure load (23.1kN) 
dM = Major thread diameter (15.9 mm) 
dm = Minor thread diameter (13.0 mm) 
t = Thickness of threaded connection (25.4 mm) 





Calculation of safety factor for bending stress: 
                                                                
                                                                                                                                Eq. 26 
Where,  
Sf = Safety factor 
Sy = Yield stress of steel (345 MPa) 
threads (31.9 MPa) 
 
The safety factors associated with the threaded connection between the clamping block ends and 
the dynamic test fixtures were determined to be much greater than one (shown in eqn. 24 and eqn. 
25). Therefore, failure should occur within the specimen gage length and not fixture connection. 
Multiple two-inch S2-glass/epoxy specimen were tested in our current fixture. The failure occurred 
in gage length and the failure mode, curve shape and ultimate strength were found to be very 
similar to the 4 inch (approximate) gage length specimens. Figure 4-1 shows the comparison 





Figure 4-1: Stress-time curve for S2-glass/Epoxy composite specimen with different gage length 
 
 
4.4 Recommended final fixture design 
 
After carefully reviewing the gathered information new fixture was designed with a 2 inch (.05m) 
specimen. Grip fixtures, support stand geometry, load transfer cylinder were changed accordingly. 
One window in the load bearing cylinder and support stand was made to allow the use of a high-
speed camera [72]. For the new setup the drop height and gage length changes and they result in 
attaining the ability to test composite materials at a significant higher strain rate. 
 
Figure 4-2 to 4-8 show the overall fixture and all the major parts of the new fixture. A discussion 





Figure 4-2: Modified fixture for dynamic tensile testing 




Window for  















Figure 4-5: Specimen 
 
 





























As discussed earlier with our current fixture and set up we can go up to strain rate of 41 s-1. Previous 
researcher used pneumatic air pressure assistance to attain 100 s-1 strain rate which required 10.2 
m/s impact velocity [61]. To get this velocity the machine required 550 KPa air pressure.  
 
Calculation was done using equation 13 and 14 for our current Dynatup drop tower and also a new 
drop tower that is being developed at UNLV. The new fixture gives 7.5 inch extra drop height 
which itself let us attain 15% extra strain rate with current specimen size. Now with the 2 inch 
gage length specimen designed with the current fixture allow us to go up to 95 s-1 strain rate which 
is 131% improvement. If we use the new drop tower with our new design, we can go up to 134 s-
1 strain rate which is 227% improvement.  
 
As discussed earlier few researchers used 1 inch long composite materials. If 1.5 and 1 inch gage 
length specimen is used, we will able to get highest 264 s-1 gage length without any pneumatic air 
pressure. 
 
Now with pneumatic air pressure of 550 KPa the previous researchers [61] were able to attain 100s 
-1 strain rate. With our current set up just with the increase of drop height and with new specimen 
dimension and design we will be able to reach 212s-1 strain rate with the same air pressure 
assistance which is 112% improvement. If we can use this same air pressure in the new drop tower, 
we will be able to reach around 254 s-1 strain rate with no increment in air pressure that is 154% 




Again, if we test a smaller specimen in this fixture we can go to a higher strain rate. For a one-inch 












































CHAPTER 5  
 
CONCLUSIONS AND FUTURE WORK 
 
The goal of this study was to understand dynamic tensile properties of composite materials and to 
improve the experimental procedure for determination of these properties. A new testing procedure 
for measuring the tensile properties of laminated composites under low and moderate strain rates 
has been refined and improved. A new test fixture was also designed to allow testing at higher 
strain rate. 
 
5.1 Experimental Observations and Conclusions 
 
After studying the known properties of several different materials, a total of four types of fiberglass 
composites were manufactured and tested for this study. They are S2-glass/epoxy, E-
glass/vinylester, S2-glass/vinylester and E-glass/epoxy materials. Testing of these materials 
allowed to do comparison between a high cost material system and a lower cost one and helped to 
quantify the differences between lower strength fibers (E-glass) and higher strength fibers (S2-
glass) under dynamic strain rate loading. From the thorough literature review it was found that 
there is not enough dynamic loading experimental data available of these composite panels, 
especially E-glass/vinylester and S2-glass/epoxy material. The behavior trend found in the study 
can be very interesting and useful to select composite materials in applications that will undergo 





Materials were tested at strain rates ranging from quasi-static to moderate strain rates that exist 
during a wide range of impact events.  Quasi-static tensile testing and the dynamic tensile testing 
of the fiberglass composite materials were conducted with a method based on ASTM testing 
standard D3039. Quasi-static tensile testing was completed with the MTS testing system with a 
strain rate of 0.0001 s-1. Qualitative comparisons were drawn between the material systems 
regarding their respective behaviors at the different strain rates. Study was conducted to compare 
 
 
The experimental results show that the S2-glass material exhibits greater strength properties in the 
longitudinal, transverse and shear directions than the E-glass material. S2-glass/Vinylsester 
composite material specimens were found to be  23%, 38% and 19% more in longitudinal, 
transverse and shear strength than that of E-glass/vinylester composite specimens.  The difference 
in strength between the two material systems could also be caused by the chemical compositions 
of the two fiber types. Experimental data shows that longitudinal direction S2-glass/vinylester 
composite exhibits 23% more strength than that of E-glass /vinylester composite. Tensile strength 
of S2-glass fiber is higher than E-glsss fiber by 24% [54,55]. This is a clear indication that the 
experimental data obtained from the quasi-static testing is very reasonable. Apart from the strength 
energy when loaded at quasi-static strain rates. The area beneath the stress-time curves is usually 
taken as a qualitative measure -glass/epoxy and 




Behavior of the materials at 25 s-1 rate behavior was also evaluated. Data shows that the 
longitudinal strength for both material systems is similar at that strain rate. E-glass/epoxy and S2-
glass/epoxy composites had only 11% difference in longitudinal strength. For S2-glass/vinylester 
and E-glass/vinylester composites this number was only 5%. This indicates that the E-glass 
material is more strain rate sensitive than the S2-
absorption capabilities appear to be like those observed during the quasi-static testing, that is the 
S2-glass material shows a greater ability for energy absorption than the E-glass material during 
the longitudinal, transverse and shear tests. 
 
Additional experimental data was obtained from a previous research where exact same 
experimental setup was used. By combining the additional data study was conducted to show the 
variation of strength in longitudinal, transverse and shear from-quasi static to 20, 25 and 100 s-1 
rates for S2-glass/epoxy and E-glass/vinylester material systems.  
 
From the above graphs it can be observed that S2-glass/epoxy material shows increases in its 
longitudinal, transverse, and shear strengths with the increasing strain rates. This is a good 
indication that S2-glass fiber is strain sensitive and stable in the tested strain rate range. Moving 
from quasi-static to 25 s-1, and from 25 to 100 s-1 Longitudinal samples show 22% and 40% 
increment. But for the same span shear samples showed 165% and 56% increment. Transverse 





E-glass/vinylester material system showed increase in strength properties when the testing rate 
was changing from quasi-static to 20 s-1 rate. Strength value was similar from 20 s-1 to 25 s-1 rate 
as expected. But the strength values decreased when the testing rate was increased to 100 s -1. 
Moving from quasi-static to 25 s-1 strain rate, longitudinal, transverse and shear samples show 
177%, 132% and 161% increment. But from 25 to 100 s-1 strain rate longitudinal, transverse and 
shear samples show 42%,30% and 24% decrease in value. This behavior indicates that the material 
system is more strain rate sensitive at lower testing speeds. At higher strain rate E-glass fibers 
became unstable due to weakened glass network caused by the addition of oxides during the fiber 
manufacturing process and thus they lose strength. 
 
When the testing rate was increased from quasi-static to 25 s-1, the longitudinal specimen showed 
higher increment (177%) in strength than that of S2-glass/epoxy system (22%). This is an 
indication of E- -glass fiber up to 25 s-1 strain rate. 
 
After analyzing the test data, recommendation can be made regarding which fiber and matrix 
material might be best suited to dynamic loading conditions. It is evident that S2-glass fiber is a 
better option than E-glass fiber. Although E-glass fibers is more strain rate sensitive at lower 
testing rates, the data indicates that they lack in structural stability at rates around 100 s -1 which is 
not ideal for a material that can be used in dynamic loading situations. S2-glass fibers seemed to 
be minimally strain rate sensitive but no lack in stability was observed at higher strain rates. This 




As per matrix material, epoxy appeared to be more rate sensitive than vinylester. E-glass/vinylester 
ate. Therefore, 
despite their higher cost, S2-glass/epoxy material combination would be the best combination 
choice for dynamic loading conditions. 
 
5.2 Fixture Design Observations and Conclusions 
 
For this study a new test fixture was designed to allow testing at higher strain rate. Comprehensive 
study was completed on experimental variables that affect the test and limitation of our current 
design. Few changes to the current design were made to improve test system as well as to ensure 
the capability of testing at higher strain rate. With our current fixture and machine set up, we can 
go up to strain rate of 41 s-1. Previous researcher [61] used pneumatic air pressure assistance to 
attain 100 s-1 strain rate which required 10.2 m/s impact velocity. To get this velocity the machine 
required 550 KPa air pressure.  
 
After 1000 s-1 strain rate, a split Hopkinson bar [64,65] can be used but there are not many options 
for testing at intermediate strain rates from about 100 to 1000 s-1 other than split Hopkinson 
pressure bar modifications. The goal of this study was to develop a modified test procedure that 
will be able to close this gap and go as close as possible to that 1000. Also, a window will be 





There are lots of other applications where the composite structures go through dynamic loading at 
intermediate strain rates. For example, tennis ball impact on racket can go upto 500 s-1 strain rate 
in tensile loading [67]. In a similar study FEA analysis showed that the impact of the racket can 
range between 300 to 670 s-1 strain rates [68]. Halldin and Lanner [69] analyzed energy absorption 
on helmets. The simulation study shows that a bicycle accident can have impact on the helmet over 
200 s-1 strain rates. From these few examples it is eminent  that the dynamic tensile testing at 
intermediate strain rate is a much needed much needed area of study. 
 
Through literature search it was found that previous researchers have tested 2-inch-long and 0.50-
inch-wide specimens of similar composites successfully. Theoretical calculation was completed to 
verify failure should occur within the specimen gage length and not at fixture connection. Multiple 
two-inch S2-glass/epoxy specimen were tested in our current fixture. The failure occurred in gage 
length and the failure mode, curve shape and ultimate strength were found to be very similar to the 
4-inch gage length specimens.  
 
Now with the 2-inch gage length specimen and with the current fixture will allow us to go up to 
95 s-1 strain rate which is 131% improvement. If we use the new drop tower with our new design, 
we can go up to 134 s-1 strain rate which is 227% improvement.  
With our current set up just with the increase of drop height and with new specimen dimension 
and design we will be able to reach 212s-1 strain rate with the same air pressure assistance which 
is 112% improvement. If we can use this same air pressure in the new drop tower, we will be able 
to reach around 254 s-1 strain rate with no increment in air pressure that is 154% improvement.   
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Again, if we test a smaller specimen in this fixture, we can go to a higher strain rate. For a one 
inch specimen with the same air pressure we will able to go to 510 s-1 strain rate. 
 
5.3 Future Work Recommendations 
  
Apart from the methods and finding presented in this dissertation, there is some scope for future 
work. Following recommendations will provide a tentative guideline to explore: 
 
1) Strain data were not successfully recorded from the strain gages at the higher testing rates. This 
may lead to the conclusion the strain gages are not well suited to drop weight tower applications. 
The integration of a high-speed strain measuring device into the testing arrangement might be 
useful [73]. This device could be something as simple as a high resolution DVRT.  
 
2) It will be beneficial to test E-glass/epoxy and S2-glass/vinylester samples to test at 25 s-1 and 
100 s-1 to obtain a wider spectrum of data to analysis. 
 
3) Manufacture the fixture designed and test with similar composite materials. A set up to obtain 
data at higher strain rate can be a very important tool to study composite material behavior under 
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